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Abstract
Most onshore earth structures, such as earthen dams, embankment, and river levees, are constructed by 
compaction. Transportation geotechnics also includes construction of compacted earth structures, such 
as road and railway embankment. Optimum compaction can increase shear strength, while decreasing 
compressibility and permeability of earth structures. For this reason, compaction has been used for 
earthworks since the dawn of times. Generally, a series of lab compaction tests is conducted to obtain a 
compaction curve before constructing these structures. The shape of the compaction curve, which 
determines the maximum dry density at the optimum water content, is very important in the design and 
construction of structures. However, it is difficult to control compaction quality on the basis of lab tests 
alone, as soil materials are inhomogeneous. Furthermore, there are differences in the compaction 
methods used in lab tests and at construction sites. Therefore, it is necessary to explain the mechanisms 
of compaction in the framework of soil mechanics. In this study, compaction of earthworks is simulated 
in a similar way. The effect of compaction layer thickness and the number of compaction layers on the 
distribution of dry densities in an earth structure was investigated through soil/water/air coupled 
simulation. Consequently, it was found that multi-layered compaction can create a gap in the dry density 
between two layers and that this gap can be reduced by thinner layer compaction. On the other hand, 
though the average dry density in a compacted earth structure can be increased by increasing the number 
of compacted layers, some gap between compaction layers was inevitable. Through these findings, this 
study contributes to the performance design of compacted earth structures.
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1 Introduction
When constructing embankment and base course for highways and railways, the application of an 
external force to increase soil density is necessary. This is called ‘compaction’.  Increasing density 
means to decrease the voids between soil particles. This leads to decreasing permeability and 
compressibility, while increasing strength. Optimum compaction contributes to the stability of an earth 
structure. The effects of compaction are known to strongly depend on material properties, moisture 
content, and the compaction procedure. Furthermore, the underlying mechanics of compaction are fairly 
complicated. Proctor [1] first standardized the lab-compaction test for geotechnical engineering sites 
and linked compaction curves, namely the relationship between water content and dry density, to the 
needle penetration test (shown in Fig. 1). Dry density has long served as the index for compaction effects, 
since Proctor’s concept was developed (shown in Fig .2). However, the mechanisms of compaction are 
still not fully understood.
Kawai et al. [2] conducted static compaction tests on silty clays (Figs. 3 and 4). They found that 
compaction of specimens with higher moisture contents caused a greater change in suction. Furthermore, 
materials with higher moisture contents required a smaller load in order to reach the same dry density 
level as specimens with lower moisture contents. They suggested that unsaturated soil mechanics could 
explain this behavior, and accordingly, that compaction curves exhibit a maximum dry density at 
optimum moisture content. Kawai et al. [3] assumed ‘compaction’ to be loading and subsequent 
unloading of an unsaturated specimen under water undrained and air drained conditions and simulated 
the static compaction tests using the soil/water/air coupled finite element analysis code, DACSAR-MP 
(Figs. 5 and 6). By this method, they succeeded in defining compaction curves and compaction-induced 
D
ry
D
en
si
ty
(t
/m
3 )
Water Content (%)
Zero
Air Voids Curve
Compaction Curve
D=100%
(Ȩdmax)
O
pt
im
um
M
oi
st
ur
e
C
on
te
nt D=90%
(Standard)
Fig. 1 Procter’s Concept Fig. 2 Compaction curve with dry density
 (a) Load change (b) Suction change (a) Load change (c) Suction change
Fig. 3 Compaction on a lower moisture-specimen Fig. 4 Compaction on a higher moisture-specimen
140 150 160 170 180 190
0
1000
2000
Time䠄min䠅
L
oa
d 
䠄N
䠅
140 150 160 170 180 190
182
184
186
188
190
192
Time䠄min䠅
Su
ct
io
n 
 s
 (k
Pa
)
60 70 80
0
100
200
300
400
500
Time䠄min䠅
L
oa
d 
䠄N
䠅
60 70 80
20
40
60
80
Su
ct
io
n 
 s
 (k
Pa
)
Time䠄min䠅
Explanation of Dry Density Distribution Induced by Compaction ... Kawai et al.
277
distributions of void ratios and soil moisture (Figs. 7, 8 and 9). These heterogeneous distributions can 
pose problems within actual earth structures. In this study, the dependency of heterogeneous 
distributions on compaction conditions was investigated through soil/water/air coupled simulations.
2 Numerical Model for Soil/Water/Air Coupled Simulation
Compaction can be defined as compression under drained air and undrained water conditions, with 
consolidation conducted under drained water conditions in nearly saturated soil. Therefore, compaction 
behavior results from the interaction of soil particles, water, and air, and it strongly depends on boundary 
conditions. In the following sections, compaction is expressed as an initial and boundary value problem 
using soil/water/air coupled simulation.
2.1 Constitutive Model for Unsaturated Soil
The constitutive model for unsaturated soil proposed by Ohno et al. [4] is used in this study. In the 
model, the effective stress for unsaturated soil is defined by:
net
spc  ı ı  (1)
where ,net a s ep p S s   ı ı  (2)
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Fig. 5 Analytical mesh Fig. 6 Loading conditions Fig.7 Compaction curves obtained by simulation
Fig. 8 Void ratio distributions Fig. 9 Distributions of the degree of saturation
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Here, cı is the effective stress tensor for unsaturated soil; netı is the net stress tensor; 1 is the second 
rank unit tensor; ı is the total stress tensor; s is suction; sp is the suction stress; ap is pore-air 
pressure; wp is pore-water pressure; rS is degree of saturation; eS is effective degree of saturation;
and rcS is degree of saturation at s of . The yield function is defined by:
 , , ln 0p pv v
sat
p q
f MD D
p p
] H H
]
cc     
c c
ı (4)
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Here, pvH is the plastic volumetric strain; M is q pc at the critical st ate; and D is the dilatancy 
coefficient; a and sn are the fitting parameters to express the increase in consolidation yield stress due 
to desaturation; and O and N are the compression and expansion indexes, respectively. Fig. 10 shows 
the yield surface expressed by equation (4). The following elasto-plastic constitutive equation for 
unsaturated soil is obtained from equation (4) and the associated flow rule.
: eSc   ı D İ C  (5)
Here, D is the elasto-plastic stiffness matrix; İ is the strain tensor; and C is the coefficient tensor,
which expresses changes in stiffness-induced desaturation.
2.2 Governing Equations for Pore Water and Air
In this study, the following equations are used as governing equations for pore water and air, with 
reference to Borja [5]:
Darcy’s law (water) gradh  w wv k (6)
Darcy’s law (air) grad ap  a av k (7)
Continuity equation (water) div 0r r vnS S H   wv   (8)
Continuity equation (air)    
0
1 1 div 0ar v r r
a
p
S nS n S
p p
H      
 a
v
  (9)
Here, wv and av are the velocities of water flow and air flow, respectively; wk and ak are water and 
air permeability tensors, respectively; h is total water head; and 0p is atmospheric pressure. 
If equation (5) is substituted with the equilibrium equation, equations (6) and (7) are substituted with 
equation (8) and (9), and the equilibrium equation ( div 0 ı ) and equations (8) and (9) are discretized 
spatially using the finite element method and temporally by Euler’s method, they can be summarized as 
a soil/water/air coupled formulation.
2.3 Soil Water Retention Characteristics Model
The soil water retention characteristic curve (SWRCC), which indicates relationship between suction 
and soil moisture, is dependent on suction history. This hysteresis influences compaction behavior. In 
this study, the SWRCC model proposed by Kawai et al. [6] (Fig.11) is used in conjunction with the
water permeability model proposed by Mualem [7] and the air permeability model proposed by van 
Genuchten [8], as follows: .
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Here, rwk , rwk are the relative permeability coefficients of water and air, respectively, and m is a fitting 
parameter. 
3 Compaction Simulations
Actual compaction on site differs from lab compaction tests in respect to applied load, compaction 
volume, and other parameters. Dry density is assumed to provide an index of compaction, with a target 
dry density determined from lab compaction test results. However, compaction effects strongly depend 
on compaction conditions. In the following sections, compaction under various conditions was
simulated, and compaction-induced dry density distributions were investigated.
3.1 Simulation Procedures and Conditions
Kawai et al. [3] obtained the compaction curves of silty soil shown in Fig. 7 from one-dimensional 
static compaction simulations. This figure shows that the optimum water content to obtain maximum 
dry density under compaction loads of 800kPa is 22% and that a larger dry density can be obtained at
all water contents under compaction loads of 1600kPa. The compaction-induced dry density of
specimens with 18% water content under loads of 1600kPa corresponds to the maximum dry density of 
the 800kPa compaction curve.  In the following simulations, multi-layered compaction, which is used 
in the practice of constructing embankment, was conducted using the above results. The material 
parameters from Kawai et al. [3] were used for the multi-layered compaction simulations. Table 1 
summarizes the input material parameters, and Fig. 12 provides the soil water retention characteristic 
curves used for the simulations. Though actual soil water retention characteristic curves depend on 
changes in void ratio, the dependency is neglected here to avoid computational instability. Fig. 13
describes the analytical FE mesh, constructed with an embankment width of 3.6m and height of 1.8m. 
The multi-layered compaction simulation was conducted using the following procedure. First, a 
certain thickness layer was defined, and a compaction load was applied under drained air and undrained 
water conditions. Two thicknesses, namely 0.6m and 0.3m, and two compaction loads, namely 800kPa 
and 1600kPa, were compared. When additional layers were overlain, the upper air and water boundaries
from the previous layers were removed, and the compaction load was applied over the previous layer.
Fig. 10 Yield surface of the constitutive model (a) Drying process (b) Wetting process
for unsaturated soil Fig. 11 Soil water retention characteristic curve model
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This procedure was repeated until a height of 1.8m was reached. Table 2 summarizes the simulation 
cases. Case 1 is the standard condition, defined as compaction at the optimum water content. The loading 
conditions and water content in Case 2 were defined to achieve dry density of Case 1 from comparing 
two compaction curves of 800 and 1600kPa in Fig. 7. In Case 3, the effect of thinner layer compaction 
was investigated. In Case 4, the effect of cyclic compaction was investigated.
3.2 Simulation Results and Discussion
Fig. 14 shows the distribution of void ratios obtained in the simulation of Case 1. The results show 
that the top air exhaust boundary caused heterogeneous distributions. Similar to Fig. 8, the area around 
the compaction surface is well compacted and has a smaller void ratio. With additional layering, this 
heterogeneity becomes less clear. At the same time, gaps between two layers appear (indicated by red 
arrow). Fig. 15 shows the distribution of the degree of saturation. The area of the compaction surface 
shows high saturation due to a high degree of compaction. These heterogeneities are expressed as a
histogram in Fig. 16. In the figure, the average degree of compaction and the standard deviation were 
noted, and the normal distribution curve obtained from these values was drawn. When a general earth 
O N wk (m/day) M a sn ak (m/day) m
0.107 0.011 0.01 1.344 30 1.0 1.00 0.8
m: Mualem’s modulus [9]
Table 1. Material parameters for simulations
Fig.12 Soil water retention characteristics Fig.13 Analytical FE mesh
Loading condition Water content Compaction thickness
Case1 800kPa 22% 0.6m
Case2 1600kPa 18% 0.6m
Case3 800kPa 22% 0.3m
Case4 800kPau4 times 22% 0.6m
Table 2. Simulation cases for multi-layered compaction
(a) First layer compaction (b) Second layer compaction (c) Third layer compaction
Fig. 14 Void ratio distributions induced by compaction (Case 1)
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structure is constructed by compaction in Japan, the target dry density is 90%. Therefore, these results,
which show an average degree of compaction greater than 97%, indicate that multi-layered compaction 
of 0.6m thick layers at the optimum water content can construct a well-compacted structure. 
In Fig. 16, the results of Case 2 are compared with Case 1. Though the compaction was the same as 
in the one-dimensional static compaction simulation, different tendencies appear with multi-layered
compaction. Case 2 (drier water content and larger compaction load) exhibits a higher average degree 
of compaction and a smaller dispersion. From this, more homogeneous compaction can be expected. 
Fig. 17 shows the frequency of the degree of saturation in Cases 1 and 2. The degree of saturation 
appears in the range of 0.84 to 0.98 and 0.72 to 0.82 for Cases 1 and 2, respectively. The distribution of 
void ratios induced by compaction on the drier side of the optimum water content is relatively uniform,
similar to that seen in Fig. 8 (Kawai et al. [3]). This characteristic causes the differences between Case 
1 and 2 in Fig. 16. Fig. 18 compares Cases 1 and 3, showing the effects of thinner layer compaction.
Fig. 18 indicates that thinner layer compaction for the simulated materials can increase the average 
(a) First layer compaction (b) Second layer compaction (c) Third layer compaction
Fig. 15 Distributions of the degree of saturation induced by compaction (Case 1)
Fig. 16 Frequency of the degree of compaction Fig.17 Frequency of the degree of saturation 
(Case1 and 2) (Case 1 and 2)
Fig.18 Frequency of degree of compaction Fig.19 Frequency of degree of compaction 
(Case1 and 3) (Case 1 and 4)
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degree of compaction but cannot raise the minimum degree of compaction. Fig. 19 determines that 
repeated compaction is effective in creating uniform compaction.
4 Conclusions
In this study, the quality of compaction, as dependent on the compaction procedure, was investigated 
through soil/water/air coupled F. E. simulations. Consequently, it was found that multi-layered 
compaction can cause gaps in the void ratio between two layers. This gap can constitute vulnerability
within a compacted earth structure. Moreover, the heterogeneity of the compacted materials was also 
investigated, finding that compaction under larger loads and with drier soils created a more uniform and 
dense compaction. Thinner layer compaction was found to increase the average degree of compaction.
However, this effect depended on soil properties, and identification of the optimum layer thickness is 
difficult. The effect of repeated compaction was not as large at relatively high degrees of compaction 
for the type of soil materials examined in this study.
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